Previous investigations of the T-system in skeletal muscle fibres described the inter-myofibrillar relationships between T-tubules and the sarcoplasmic reticulum. They disregarded the arrangement of the T-system in the myofibril-free sarcoplasm in the area of muscle fibre nuclei. In the present investigation, the T-system was filled by means of lanthanum incubation and the myofibril-free sarcoplasm was ultrastructural examined by means of thin (≤100 nm) as well as thick sections (>300 nm-1 m) with the electron microscope. The investigation of thick sections revealed that T-tubules meander through this myofibril-free sarcoplasm and tangle up at the poles of muscle fibre nuclei and in the area of fundamental nuclei of the motor end plate.
Introduction
In previous investigations the three-dimensional structure of T-system between the myofibrils of skeletal muscle fibres of mammals and frogs is described. The function of the T-system with respect to the excitation contraction coupling is in large part known (Peachey and Franzini-Armstrong, 1983) . The investigation of T-system in the motor end plate (MEP) is complicated, since an ultrastructural distinction, between the sarcoplasmic reticulum and the T-system, is only possible if one of the membrane systems can be marked (Peachey, 1965) . After Lanthanum incubation, the T-system, its three-dimensional configuration and the connections of T-tubules with subsynaptic folds MEP, can be differentiated unambiguously Voigt et al., 2000) . These T-tubules, which meander in the sole plate sarcoplasm, resemble more to the longitudinal oriented segments of the T-system between myofibrils than to the transversal oriented segments of the T-system between the SR-cisterns. It is probable that both segments of T-system have different functions as glycerol shock experiments with frog muscle fibres let divine. In these experiments, a preponderant vacuole formation of the T-system in the longitudinal direction of the fibre axis was observed with the light microscope (Krolenko, 1969) . In addition, an accumulation of vacuoles in the perinuclear sarcoplasm of muscle fibre nuclei was described (Krolenko et al., 1995) . But a distinction between T-tubules in the perinuclear sarcoplasm of muscle fibre nuclei and sole plate nuclei was not done.
The aim of the present ultrastructural investigation is to show possible structure particularities of the T-system of frog muscle fibres in the perinuclear sarcoplasm of muscle fibre nuclei and sole plate nuclei by means of thick (>300 nm-1 m) and thin (≤100 nm) sections.
Materials and methods
The MEPs of the sartorius muscle of adult frogs (Xenopus laevis, n = 3; Rana temporaria, n = 3) were examined. The frogs were anaesthetized with MS222 (Sandoz Co.) and decapitated. The legs were exarticulated at the pelvic joint. In a petri dish filled with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, the skin of the leg was removed, the superficial sartorius muscle exposed, and its fascia com- 0040-8166 doi:10.1016/j.tice.2004.03.004 Published in Tissue and Cell 36: 245-248, 2004 Figs. 1-10.
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pletely removed. Then the entire leg was immersion-fixed in the same fixative for 1 h. Subsequently, the muscles were divided into small samples and were fixed in the same fixative agent for additional 2 h. After washing in cacodylate buffer and postfixing for three hours in 1% osmium in 0.8% potassium ferrocyanide in 0.1 M cacodylate buffer, the tissue samples were incubated for 1.5 h in 1% lanthanum nitrate in 0.1 M cacodylate buffer on an agitator at room temperature. Following dehydration by means of an ascending series of alcohol solutions, the tissue was embedded in EPON. Ultrathin sections (≤100 nm) and thicker sections (>300 nm-1 m) were examined in the unstained state with the electron microscope Leo912 Omega (Zeiss).
Results
The investigation of both frog species shows that the T-system can be depicted within muscle fibres by means of the lanthanum incubation (Figs. 1 and 2). The T-system can be distinguished from the other cell organelles and myofibrils due to the contrast of the lanthanum precipitate (Figs. 1-4). In addition, the glycogen is not outlined as dark electron-dense granules (Fig. 3) . With increasing section thickness, lipid droplets look like dark electron-dense masses (Figs. 2, 7, 9 and 10). In longitudinal thick sections of muscle fibres, the frequency to outline the longitudinal T-system in greater continuity is increased (Figs. 1 and 2). In such sections vacuole-like expansions of T-tubules, which extend in both directions of the longitudinal fibre axis, can be shown frequently (Figs. 2 and 4). Longitudinal Fig. 2 . Semithin longitudinal section of a skeletal muscle fibre. The longitudinal T-system (IT), here in proximity to a muscle fibre nucleus (fn), is sporadically intersected. Smaller vacuoles filled with lanthanum are outlined (V). Glycogen can not be shown in the inter-myofibrillar sarcoplasm; lipid droplet (L); transverse T-System (T). Xenopus laevis; unstained 300 nm thick section; bar = 2 m. Fig. 3 . Ultrathin longitudinal section of a triad, whose T-tubule (T) is filled with lanthanum. At this section thickness the longitudinal T-tubules are seldom intersected. The glycogen can be shown as weakly stained granules (g). Xenopus laevis; unstained 80 nm thick section; bar = 500 nm. Fig. 4 . Detail of a myofibril. In the unstained ultrathin section T-tubules (T) are filled with lanthanum, while the cisterns of sarcoplasmic reticulum (SR) are bare and only just outlined. A transverse T-tubule is connected with a longitudinal oriented vacuole (V); longitudinal T-tubule (lT). Rana temporaria; unstained 100 nm thick section; bar = 500 nm. Fig. 5 . Longitudinal ultrathin section of a skeletal muscle fibre with a muscle fibre nucleus (fn). T-tubules (mT) are tangled up in the sarcoplasm at the nuclear pole; transverse T-tubules (T), longitudinal T-tubules (IT). Rana temporaria; unstained 100 nm thick section; bar = 1 m. Fig. 6 . Longitudinal ultrathin section of a skeletal muscle fibre with muscle fibre nucleus (fn). A Golgi apparatus (GA) at the nuclear pole is in proximity to tangled T-tubules (mT). Glycogen granules in the region of the triads are not stained; transverse T-tubules (T). Rana temporaria; unstained 100 nm thick section; bar = 500 nm. Fig. 7a Longitudinal thick section of a myofibril-free sarcoplasm area in the inside of a skeletal muscle fibre. Several tangled T-tubules ( * ) are between mitochondria (Mi); transverse T-tubules (T), longitudinal T-tubules (IT), lipid droplets (L). Xenopus laevis; unstained 500 nm thick section; bar = 2 m; Fig. 7b a tangled T-tubule ( * ) runs around a mitochondria. Unstained 500 nm thick section; bar = 500 nm; Fig. 7c a transverse T-tubule (T) continuously changes in a meandering T-tubule (mT), that tangles up around a mitochondria ( * ). Unstained 500 nm thick section; bar = 500 nm. Fig. 8a . Longitudinal semithin section of a myofibril-free sarcoplasm area, which extends over several sarcomers in the longitudinal fibre axis. Tangled T-tubules (mT) are between mitochondria (Mi); transverse T-Tubule (T). Xenopus laevis; unstained 300 nm thick section; bar = 2 m; Fig. 8b unstained 300 nm thick section; bar = 250 nm. Fig. 9a . Longitudinal thick section of a MEP. Both, the extracellular area of the subsynaptic folds (F) and the T-system of sole plate are filled with lanthanum. The meandering net-like linked T-tubules (mT) spread out in the sarcoplasm (sp). One of T-tubules approaches to the subsynaptic folds ( * ); transverse T-tubules (T), axon (a), lipid droplet (L). Xenopus laevis; unstained 1 m thick section; bar = 2 m; Fig. 9b the meandering T-tubule, which approaches to the subsynaptic fold, repeatedly emits little branches ( * ). The connection between the tubule and the subsynaptic fold can not be resolved up exactly, because of the section thickness and the resultant intense contrast. Xenopus laevis; unstained 1 m thick section; bar = 250 nm. Fig. 10 . Longitudinal thick section of a MEP in the area of a fundamental nuclei (sn). Next to the transverse T-system (T) the extra cellular space of the subsynaptic folds is filled with lanthanum; axon (a). Meandering net-like linked T-tubules (mT) spread out in the sole plate area; lipid droplet (L). Xenopus laevis; unstained 1 m thick section; bar = 2 m.
T-tubules, with remarkable loop formations and diameter fluctuations, meander along the surface of muscle fibre nuclei (Figs. 1, 2 and 5) . In the MEP, these meandering T-tubules are in proximity to subsynaptic folds (Figs. 9b  and 10 ) and are connected with T-tubules of myofibrils (Figs. 9 and 10) . The sarcoplasm between myofibrils and at the nuclear poles includes a fine-meshed network of T-tubules (Figs. 5-8) , which is in proximity to the Golgi apparatus (Fig. 6 ). This network shows local swellings, as the longitudinal inter-myofibrillar T-system. The agglomeration of tangled T-tubules in proximity to mitochondria give the impression of a net-like enclosure of individual mitochondria ( Fig. 7b and c) . Concerning their dimensions (Ø ca. 50 nm) and form variability, the tangled T-tubules agree with the longitudinal T-system between myofibrils.
Discussion
The ultrastructural investigation has demonstrated that in thick sections (>300 nm) of lanthanum incubated skeletal muscle fibres the T-system can be shown in great expansion. The necessary structure preservation is better at frogs than at mammals (Sonoda et al., 1993) . The membranes of cell organelles are more contoured and lipid droplets are more blackened at frogs than at mammals, due to the potassium ferrocyanide osmium tetroxide postfixation, which is essential for the lanthanum incubation. The contrast of glycogen, which is well outlined after the potassium ferrocyanide osmium tetroxide postfixation (De Bruijn, 1973) , is reduced by the lanthanum incubation, so that the glycogen-filled ar-eas around triads and in the myofibril-free sarcoplasm look bright.
In the unincubated status, the longitudinal oriented T-tubules between myofibrils can be traced in greater expansion only by means of inconvenient reconstructions of serial sections (Peachey, 1965; Eisenberg, 1972) . With the lanthanum incubation, these longitudinal oriented T-tubules as well as the T-tubules in the myofibril-free sarcoplasm can be effortlessly depicted. In this myofibril-free sarcoplasm of skeletal muscle fibres of the frog tangled T-tubules spread around the poles of fibre nuclei, the mitochondria as well as in proximity to sole plate nuclei. At the mammal, however, a similar tangled T-tubular network can be recognized only in the sole plate sarcoplasm . In the literature, known to us, we could not find any statements about similar looking agglomerations of T-tubules in these areas. Reason for that might be on the one hand a too selective orientation of previous investigations with regard to the organization of the T-system between the myofibrils, to the other the assignment problem between SR and T-system (Peachey, 1965) , and finally investigations by means of too thin sections.
Furthermore, as in other animal species too, vacuoles standing in touch with T-system are shown (Leeson, 1977; Forbes and Sperelakis, 1980) . But at mammals, we could not show such vacuoles between myofibrils .
At frogs, vacuolisations are described in the area of the Z-stripes after overloading exercise (Krolenko, 1969; Fraser et al., 1998; Krolenko et al., 1998; Nagesser et al., 1994; Gonzalez Serratos et al., 1978) . A favoured vacuolisation in the longitudinal part of the T-system (Fraser et al., 1998) and at the poles of muscle fibre nuclei (Krolenko et al., 1998) could be attributed to a mechanical stabilization of the triad (Dulhunty, 1989) . Next to the contribution of the T-system to the electrochemical coupling, also the drainage of metabolic products i.e. lactate is discussed as function of the T-system (Nagesser et al., 1994) . Because of the proximity of the tangled T-tubules to the nuclei and Golgi apparatus, also a shortened transport pathway can be thought of in this context.
Since the T-system serves as source of inositol-trisphosphate (Carrasco et al., 1988; Volpe et al., 1986) , which can trigger Ca 2+ -waves, the T-system could be shared at the regulation of the perinuclear Ca 2+ -release (Jaimovich et al., 2000; Powell et al., 2001) in those muscle fiber regions where the nuclei are far a way from myofibrils.
